The computationally-and experimentally-determined molecular structures of a 
Introduction
The use of actinides for nuclear power, nuclear weapons production and medicine has led to growing concerns about waste management and potential environmental impact. [1] [2] [3] [4] [5] [6] In the processing of nuclear fuel and spent nuclear fuel, 1, 2 the U(VI) uranyl ion (UO2 2+ ) is the most prevalent species due to its extraordinarily chemically robust axial U=O bonds. [7] [8] [9] Its U(V) analogue readily disproportionates into U(IV) uranium species and U(VI) UO2 2+ in an aqueous environment. 8, 9 In contrast, the An(V)
transuranium actinyl ions NpO2 + and PuO2 + are stable and relatively mobile in the environment. [3] [4] [5] In addition, the common Pu(VI) actinyl complexes are highly soluble and mobile in water. [2] [3] [4] The safe immobilization of radionuclides and elimination of environmental contamination of nuclear waste requires an in-depth understand of the structures, reaction behavior and redox property of uranium and transuranium complexes. A variety of ancillary ions and molecules such as halides, tetrahydrofuran (THF), pyridine, porphyrin and polypyrroles have been used to explore the equatorial complexation chemistry of actinyl ions under mild conditions. The flexible
Schiff-base polypyrrolic macrocycle (H4L pac in Chart 1) was first prepared independently by the groups of Sessler 34 and Love. 35 Using uranyl silylamide starting 4 materials, Arnold and Love and co-workers synthesised "Pacman"-shaped complexes 41 the binuclear uranyl complex of the anthracenyl diamido-based H4L was predicted to be stable. The theoretical structure possesses a similar molecular skeleton to the subsequent solid state structure which contains two co-linear UO2 groups 5.11 Å apart, as determined by X-ray crystal diffraction. 38 However, it still differs in the relative arrangement of the two uranyl ions. (Table S2) .
In this work, we have also developed a new synthetic route (Chart 2) to cleanly isolate mononuclear M-solU VI L′ and binuclear B-solU VI L′ (sol = pyridine and THF).
The four complexes have been structurally characterised using single crystal X-ray diffraction and their redox properties characterised by cyclic voltammetry experiments.
Computational details
Geometry structures of all complexes were fully optimised in the gas phase without symmetry constraints using the Priroda code. [56] [57] [58] [59] [60] A scalar relativistic all-electron (AE) approach was applied 61 with spin-orbit projected out and neglected from the full Dirac equation. 62 We used GGA DFT with the PBE functional 63 in the calculations.
All-electron correlation-consistent double-ς polarised quality basis sets (labeled as B-I)
were employed for the large component, accompanied by the corresponding kinetically balanced basis sets for the small component and the respective auxiliary (fit) basis sets. 58, 59 The minimum nature of all the optimised structures was confirmed by analytical frequency calculations. Building on these, the thermodynamic data of the complexes were obtained. PBE/B-II/ZORA/gas level (see Table S3 ).
Experimental Details
General information about synthetic techniques, NMR spectroscopy, cyclic voltammograms, and X-ray crystallographic data is described in Supporting B-pyU VI L′. This is an updated route to a previously characterized complex. 38 The bis-uranyl complex (B-U VI ), that does not include the additional pyridine molecule in the fifth equatorial coordination site around each uranyl ion, was previously found to have a Pacman-like structure, Figure 1a (Calculation). 41 The bite angle (α, Chart 3) between the two N4-donor compartmental planes of 41º (Table 1) reflects significant deviation from co-planarity. The lateral twist angle (β) of the macrocycle was calculated to be 38º, which combines with the above-mentioned vertical expansion away from co-planarity to decrease the repulsion between the endo-endo oxygen atoms. The Oendo···Oendo distance was optimised at 2.94 Å.
However, this structure is different from that which was experimentally obtained (B-pyU VI L′ in Figure 1c ), 38 although both retain a generally similar skeleton. These differences between experiment and the optimised B-U VI are as large as 24º (α), 16º Here, we have optimised B-pyU VI to probe the effect of explicit pyridine coordination on the structure and find that the calculated structure that includes equatorial pyridine is now similar to the experimental one, Figures 1b and 1c . A co-facial orientation of the N4-donor compartments (bite angle α of 17º) and co-linear bis-uranyl (θ(f) of 177º and θ(s) of 175º) are found, agreeing well with the experimental values of 17º, 177º and 173º, respectively (Table 1) . Moreover, the normal distance (D) between the two anthracenyl planes is also approaching the experimental value to within 5%. As a direct result of sterics, the inclusion of equatorial pyridines causes the two anthracenyl planes to depart from each other. On the other hand, the repulsion between the two pyridines, to some degree, forces the two N4-donor compartments to approach each other.
To simulate the effects of the surrounding condensed medium of solvent on the real complex, we have used the COSMO model, which implicitly incorporates a self-consistent reaction field around the complex. Both pyridine-free B-U VI and pyridine-solvated B-pyU VI were optimised in the gas phase and in pyridine solution using the PBE/B-II/ZORA approach. The condensed-phase environment does not change the overall general geometry of the complex (Table 1 ), but has a slight effect on specific geometry parameters (Table S3 ).
In addition to using the GGA-PBE functional, more functionals including GGA-BP86, Meta-GGA (TPSS and M06L) and hybrid (B3LYP and PBE0) were used to optimize B-U VI and B-pyU VI . The approach is labeled as A4 (Gaussian:
DFT/B-III/RLC-ECP/gas) 77 . See computational details in Tables 3 and S2 .
These comparisons indicate that the equatorially U-coordinating pyridine solvent molecule is essential in calculations to obtain the same molecular geometry as that obtained by crystallography, while, on the other hand, the inclusion of bulk solvent and ligand simplification have only a slight effect. We conclude that B-pyU VI optimised in the gas phase is a reasonable model to represent the experimentally obtained real complex.
The calculated geometry parameters of B-pyU VI at the Priroda: PBE/B-I/AE level are listed in complexes. The dative bond from the equatorial pyridine to the uranium centre is found to be very weak, reflected by the calculated U-Npy bond order of 0.34-0.35.
Other Bis-actinyl Complexes
All of the pyridine-solvated bis-actinyl complexes (U, Np, Pu; VI and V) have been optimised and exhibit geometries with approximately co-facial N4-donor compartments and co-linear bis-actinyl fragments. A lateral twist of the macrocycle combined with a slight vertical expansion away from co-planarity decreases the repulsion between the endo-endo oxo atoms. Regarding An(VI) actinyls, the variation of the actinide element from UO2 2+ to NpO2 2+ to PuO2 2+ does not have an effect on the general geometry of the complexes (see Table 1 ). In contrast, relatively large changes are found upon varying the oxidation state (VI and V) of the actinide. This is attributed to the more basic nature of the endo-oxo of actinyl(V) compared to the corresponding actinyl(VI). The stronger repulsion between the two endo-oxo atoms in bis-actinyl(V) complexes leads to bigger bite angles α (deviation from co-planarity), smaller θ(s) angles as well as longer U···U and Oendo···Oendo distances (Table 1) .
For both An(VI) and An(V) complexes, the calculated An=O bond lengths and bond orders gradually decrease in the order U > Np > Pu, Table 2 in agreement with the actinide contraction; similar trends have been found for other actinyl complexes. With the ADF code, B-pyU VI was calculated with various functionals including GGA-PBE, Meta-GGA-TPSS and hybrid B3LYP. The unoccupied orbitals were focused on, which would provide insight into not only electronic properties of bis-uranium(VI) complex, but also those of bis-transuranium(VI) ones for their extra electrons would be presumed to fill the unoccupied orbitals of uranium(VI). As seen in Figure S1 , similar electronic arrangement is found in calculations of different functionals, except that the hybrid B3LYP shows larger HOMO-LUMO gap energy than the GGA and Meta-GGA functional. The PBE results display fifteen
U(5f)-character virtual orbitals, including four f(ϕ), four f(δ), five f(π) and two f(σ).
Notably, diagrams of orbitals in Figure S2 show one pyridine orbital is mixing with f(π) in LUMO+19 and LUMO+21. Therefore, these U(5f)-character virtual orbitals comply with fourteen 5f-electron orbitals that bis-uranium complexes generally possess. The f(ϕ) and f(δ) orbitals of B-pyU VI were calculated to be in the low-energy area, so the extra 5f electrons are supposed into these orbitals in transuranium complexes, B-pyNp VI and B-pyPu VI . Optimizations indicated that all the mononuclear complexes, M-pyAn m (m = VI and V), display co-facial molecular geometries (Table 1 and Figure 2) . A moderate lateral twist of the macrocycle is found for most, that is, twist angles (β) calculated to be less than 7º. Each of them has two different hydrogen bonds to the endo-oxo atom:
Mononuclear actinyl complexes
Oendo··H(Npyrrolide) (2.94-3.32 Å) and Oendo··H(Cterminal) (2.37-2.49 Å), Table 3 .
However, M-pyPu V is exceptional, having a lateral twist in the structure with β = 23º.
Consequently, a very short Oendo··H(N) hydrogen bond distance was obtained at 2.15 Å, together with a long one at 3.66 Å. To further prove its structural stability, we also performed the following calculations: i) to optimise the structure of M-pyPu V starting from stable geometries of the U V /Np V complexes that do not show ligand distortion;
and ii) to optimise other complexes starting from the twisted structure of the Pu V complex. All the results converge to the same twisted structure and therefore support the conclusion that M-pyPu V is different. Most geometry parameters of M-pyU VI and M-pyU VI L′ were calculated to be in agreement with the experimental data from X-ray crystal diffraction.
Experimental Synthesis
Previously, in experimental studies, treatment of H4L′ with either one or two found to be B-THFU VI L′ ( Figure S5 ).
Redox Potentials
The single-electron reduction reactions of mono-and binuclear actinyl complexes (U VI to U V ) were theoretically and experimentally investigated. The calculated energies (eV) in the gas phase and pyridine are presented in Table 4 [a] The definitions of bite angle (α), twist angle (β), angles between two actinyl rods (θ(f) and θ(s)), as well as normal distance (D) are shown in Chart 3.
[b] The experimental complexes, B-pyU VI L′ and M-pyU VI L′, were structurally characterised in the present work, where the binuclear one was reported previously.
38
[c] Three theoretical approaches, A1, A2 and A3, were used in calculations, corresponding to Priroda:
PBE/B-I/AE/gas, ADF: PBE/B-II/ZORA/gas and ADF: PBE/B-II/ZORA/COSMO, respectively. [a] The free energy of Fc + /Fc (ΔrG(sol)) in pyridine solution was calculated to be -5.21 eV.
[b] From Ref. 80 ; the multiplet and spin-orbit corrections ("Hay corrections") for U, Np and Pu are 0. [f] The experimental single-electron reduction potential was determined at -0.54 V (vs. NHE) in pyridine solution, 29 and the one vs. Fc + /Fc was obtained by subtracting 0.77 V. 86, 87 
